Abstract This paper presents the calibration procedures of a numerical model based on the results of uniaxial and shear-compression tests on three-leaf stone masonry panels in scale 1:1 and 2:3, both in original and injected conditions. The stone masonry panels were simulated considering a macro-scale approach, where a nonlinear continuum damage model with distinct scalar damage parameters for tension and compression, implemented in the finite element software Cast3 M, was used to simulate the walls behaviour. The main goal of this paper is, first to calibrate, based on the obtained experimental results and using a phenomenological calibration strategy, a single set of parameters that represent a macroscopic constitutive law, by type of masonry, which is able to describe the different experimental tests. Afterwards, a parametric study was performed using the calibrated material laws, with the scope of assessing the influence of vertical pre-compression, slenderness and material strength on failure mechanisms and on different performance parameters such as the maximum load and displacement capacity (drift at ultimate state and drift at maximum load), for each type of masonry condition.
Introduction
Stone masonry is one of the oldest structural materials. It has been widely used, mainly up to the middle of the XXth century, on a large variety of constructions, either common or monumental, some of them being today classified as local, national, or even world cultural heritage.
Stone masonry is by nature a heterogeneous material; its components present a quite unknown geometry and a high mechanical variability, which makes the analysis of its mechanical behaviour quite complex. The structural behaviour of stone masonry elements depends on the physical, chemical and mechanical characteristics of the masonry components, but also on the way they are put together, i.e. on the masonry texture and the element's cross-section. As so, it is of great interest the development and calibration of effective modelling and analysis strategies capable of predicting the behaviour of stone masonry structures, in particular under cyclic loads. For this, it is necessary to accurately characterize this type of material through experimental testing. However, achieving a good characterization of masonry structures, detailed enough to be used on the simulation is, most of the time, a very demanding task, both in terms of cost and time.
Different approaches are available for the simulation of masonry, being the most common limit analysis, Finite Element Methods (FEM) and Discrete Element Methods (DEM). Each of these approaches present clear advantages and limitations when applied to masonry, which are mainly related to their representativeness, computer efficiency, data availability and applicability (Roca et al. 2010) . Among these, FEM is one of the most used approaches for modelling. It offers a large variety of possibilities to carry out non-linear analysis of masonry structures, from micro-modelling to macro-modelling, according to the different detailing options adopted to represent the material discontinuities and heterogeneities.
Some authors, such as (Costa et al. 2010 ) use a detailed micro-modelling approach, reducing masonry to its basic components, (joints, blocks and infill) . In this detailed micromodel, units and mortar are described using continuum finite elements; whereas the unitmortar interface is represented by discontinuous elements that can crack or slip.
The primary aim of micro-modelling approaches is to represent masonry on the basis of constituent materials and interface properties. The necessary data is obtained from laboratory tests on materials and small masonry samples. Nevertheless, the high level of refinement of micro-models means an intensive computational effort, which limits their applicability to the analysis of small elements (e.g. laboratory specimens) or small portions of a structure. This drawback is partially overcome by simplified micro-models. Some authors (Lourenço 1996; Lourenço and Rots 1997; Lagomarsino and Gambarotta 1997) opted for simplified strategies characterized by the combination, or omission, of certain constituents, drastically reducing the computation time without a great loss of accuracy.
The macro-modelling approaches use homogeneous or continuous mechanical models, taking into account all elements of an assembly of materials without making distinction between the units and joints behaviour. This type of approach regards masonry as a fictitious homogeneous material by considering an appropriate relationship established between average masonry stresses and strains, which may be obtained by adopting phenomenological approaches, or using homogenization techniques. Due to the complex nature of heterogeneous quasi-brittle materials, such as masonry, in which the evolution of macroscopic properties is highly influenced by the complex micro-structural behaviour, some authors pursued multiscale continuous-discontinuous computational homogenization modelling strategies that reflect the interplay between the different length scales in the damaging process (Nguyen et al. 2011; Massart et al. 2007) , as an alternative to the formulation of complex closed-form macroscopic constitutive laws, which often require strong assumptions. Authors such as (De Bellis and Addessi 2011) developed research on computational homogenization using a Cosserat continuum, while authors such as (Badillo 2012 ) and more recently (Petracca et al. 2015) worked on approaches based on first order computational homogenization and regularization procedure, based on the fracture energy of the micro-scale-constituents.
Macro-modelling is probably the most common approach due to its smaller calculation demands. In practice-oriented analyses on large structural members, or full structures, macro-modelling is still accurate enough to characterize the structural response, in particular when plasticity or damage constitutive laws are considered, to allow the models to account for material degradation. When considering Continuum Damage Finite Element Models, isotropic criteria are usually preferred due to their mathematical simplicity and the need for only few material parameters.
The smeared crack scalar damage models, such as those presented in Faria (1994) , Cervera (2003) , are often used for macro-modelling of masonry. In this type of models, damage in a given point is expressed by a scalar value that defines the level of material degradation, ranging from elastic to collapse, and cracking is considered as distributed along a certain surface, or volume. Those smeared crack scalar damage models are commonly used for analysis of reinforced concrete structures (Faria et al. 2004) , or large volumes of concrete (Faria 1994) . This model was later updated by several authors to be used for masonry; in Berto et al. (2002) it was developed a specific damage model for orthotropic brittle materials with different elastic and inelastic properties along the two material directions; in Cervera et al. (2010) the smeared-crack scalar damage model was modified to reproduce localized individual (discrete) cracks, being later enhanced by Pelà et al. (2013) to account for the masonry's orthotropic behaviour. In reality, macro-models have been extensively used to analyse the seismic response of different types of complex masonry structures (Roca et al. 2004; Pelà et al. 2009; Silva et al. 2012) ; some results have been also compared to their actual observed damage state (Endo et al. 2015; da Porto et al. 2012) .
Notice that macro-models present significant limitations to simulate strong discontinuities between different blocks, or parts of the masonry construction that are not easily describable by means of a FEM approach strictly based on continuum mechanics. However, this modelling strategy becomes suitable when factors such as time, simplicity and computational capacity are crucial. It is oriented for the everyday use in the analysis of real structures and when there is the need of maintaining a good balance between accuracy and computational time. With this in mind, and also considering future applications to largescale structures, this study adopts a macro-modelling strategy, considering a continuum finite-element model with distinct scalar damage parameters for tension and compression (Faria and Oliver 1993) to simulate an experimental research on three-leaf load-bearing stone masonry panels in scale 1:1 and 2:3, both in original and strengthened with grout injection states (Silva et al. 2014a, b) . The main objective of this experimental campaign was to assess the effectiveness of grout injection as a strengthening technique and to shed light on its influence on the mechanical behaviour of stone masonry elements, by means of uniaxial and shear-compression tests.
Therefore, first this paper calibrates, based on the obtained experimental results and using a phenomenological calibration strategy, a single set of parameters that represent a macroscopic constitutive law, by type of masonry, able to describe the different experimental tests. Afterwards, a set of parametrical analyses allows assessing the influence of the vertical pre-compression level and the specimens slenderness on the specimens performance, namely on the maximum horizontal load (H max ), displacement capacity (drift at ultimate state-w du -and drift at maximum load-w Hmax ) and failure mechanisms, for each type of masonry condition. In other words, this study allows predicting the performance parameters of the tested masonry for different in situ conditions, without having to resort to further experimental tests. Finally, the results also allow drawing conclusions about the adopted experimental procedures, the behaviour of the tested masonry typology and the reliability of the modelling strategy to simulate these structural elements and to carry out parametric analyses.
Experimental work

Experimental campaign
An experimental campaign was performed at the Laboratory of Building Materials of the Department of Civil, Environmental and Architectural Engineering of the University of Padova on three-leaf (3L) stone masonry panels in full scale 1:1 (F) and reduced scale 2:3 (S), in original (NI) and consolidated conditions using grout injection (I), i.e. with the following references: 3LF NI , 3LF I , 3LS NI and 3LS I (Silva 2012; Silva et al. 2014a, b) . The specimens were built to reproduce the typical stone masonry of minor historical buildings.
The specimens were composed of two external leaves, each about 18 cm (1:1 scale) or 12 cm (2:3 reduced scale) thick. The stones consisted of rough-shaped limestone blocks no more than about 25 cm long, arranged in sub-horizontal courses with mortar joint thicknesses varying from 1 to 7 cm (1:1 scale) and 1-4 cm (2:3 scale). The internal core, about 14 cm (1:1) and 9 cm (2:3) thick, was made with limestone fragments poured into noncompacted layers between the two external leaves. This type of masonry is characterised by many voids in the inner leaf. The panels had a percentage of voids and a thickness ratio so that the grout injection was efficient, but still being representative of real walls. The walls were constructed without any type of transversal connection between the leaves, i.e. considered the most unfavourable situation.
Three types of calcareous stone (red stone, regular white stone and irregular white stone) were taken from the Cugnano quarry in Belluno, in the north-east of Italy. The lime mortar (T30 V) was composed of a binder of natural hydraulic lime and lime putty (ratio 1:3), with a lime to sand ratio of 1:3 and a water to binder ratio of 0.35.
Half of the three-leaf panels were strengthened by injecting a natural hydraulic lime grout, a special, high-fluidity mix with an exclusive base of Fenix NHL5, sulphate-resistant with a low water-soluble salt content, designed for consolidating stone masonry structures. Injections were carried out after mortar curing. To optimise the distribution of injection holes and, consequently, of the injected grout, a triangular mesh of equilateral triangles with 30 cm sides was drawn, allowing a dense distribution of the holes. Injections were carried out by one side only; on the opposite side, control holes were drilled on a mesh with 60 cm sides.
Monotonic and cyclic uniaxial compression tests and shear-compression tests were carried out on original and injected panels. These tests were complemented by mechanical, physical and chemical characterization of the used materials (stone, mortar and grout) and of composite elements of stone fragments and grout, in both scales 1:1 and 2:3, simulating the internal core of masonry (Silva 2012; Silva et al. 2014a ).
Experimental results
Uniaxial compression tests
The uniaxial compression tests (Silva et al. 2014a) were carried out on 12 three-leaf specimens under different conditions (original and injected) and different scales (full scale 1:1-100 mm of width 9 120 mm of height 9 50 mm thick-and reduced scale 2:3-80 mm of width 9 100 mm of height 9 33 mm thick), using monotonic and cyclic loads, Table 1 . The specimens were subjected to uniaxial stress state to evaluate the maximum compressive strength, r max , and the post-peak behaviour.
The specimens were instrumented with linear potentiometric displacement transducers of four different ranges (±5.0, ±12.5, ±25.0 and ±50.0 mm) to estimate the vertical, horizontal and transversal deformations of the panels, Fig. 1 .
The experimental tests under uniaxial compression (Silva et al. 2014a ) allowed concluding that:
• After consolidation, the average compressive strength and elastic modulus of all specimens approximately doubled.
• Although injected panels had higher deformability at r max , cracks and strains started to increase at stress levels higher than those of non-injected panels. Grout injection is thus mechanically compatible with the original panels and, at the same time, improves wall performance by delaying leaf separation.
• When comparing the experimental results with literature values, the values and respective increments after consolidation of the determined mechanical characteristics show good matches, particularly as regards compressive strength, elastic modulus and vertical deformation.
• The average elastic modulus and compressive strength values and respective increments after consolidation of scale 1:1 and 2:3 specimens are approximately the same. This is of great importance for future research, as scaled specimens may be used for evaluating the effectiveness of grout injection with uni-axial compression tests. Table 1 shows the main results of uniaxial compression tests: maximum compressive strength (r max ), stress at first cracking (f 1,cr ), the ratio of these two values and elastic modulus between 10 and 40 % of r max (E 10-40 % ). Detailed descriptions of cyclic tests results are reported in (Silva 2012; Silva et al. 2014a, c) .
Shear-compression tests
Shear compression tests Silva et al. (2014b) were performed on 16 three-leaf panels in various conditions (original and injected), scales (full scale 1:1 and reduced scale 2:3-same dimensions as the panels under compression tests) and under different pre-compression levels. The specimens were tested with cantilever-type boundary conditions. Pre-compression levels of 0.5, 0.75, 1.0 and 1.25 N/mm 2 were considered for the original specimens and of 1.0, 1.25, 1.5 and 2.0 N/mm 2 for the injected specimens, for both scales 1:1 and 2:3. These levels were selected to obtain the most typical failure modes: shear, flexural and mixed.
After applying the vertical load (V), cyclic tests were carried out under displacement control, by applying horizontal displacement (d) histories with increasing amplitudes and peaks. The vertical force was maintained constant during each test and each displacement peak was repeated three times. All tests were carried out up to the specimens collapse, i.e. (Silva et al. 2014a) . Full scale 1:1 panels-100 mm of width 9 120 mm of height 9 50 mm thick, Reduced scale 2:3 panels-80 mm of width 9 100 mm of height 9 33 mm thick [M] Monotonic load, [Cl] Cyclic load, t thickness, l width, h height, 3L three-leaf stone masonry panels, F full scale panels (1:1), S reduced scale panels (2:3), NI original conditions, I consolidated with grout injection until a null value of lateral resistance was achieved, allowing the post-peak phase to be assessed. Figure 2 shows the monitoring scheme used for the various types of specimen.
The most relevant conclusions of this experimental campaign were that:
• The more highly pre-compressed specimens achieved greater maximum resistance with more brittle failure at the final phase.
• Original panels subjected to higher vertical loads exhibited mainly shear mechanisms, whereas lower pre-compressed specimens developed a flexural mechanism. Injected panels were influenced by rocking mechanisms at the base.
• The first crack appeared on injected panels at almost double displacements than on original panels. At maximum resistance, injected panels exhibited 3 times higher displacements for almost 2 times higher forces than the original panels. A rapid decrease in stiffness in all specimens subjected to lower pre-compression was observed. Injected panels clearly had higher starting stiffness compared to original panels, and a more rapid decrease due to rocking.
• The analysis of the mechanical properties revealed that, after grout injection, the tensile strength f t increased 3 times and the shear modulus (G exp ), estimated experimentally, increased approximately 4.0 times.
• The change of the scale factor changed the influence of pre-compression on the panels behaviour. The same collapse mechanisms for the same pre-compression values could not be reproduced in both 1:1 and 2:3 scale panels. However, in general, the use of scaled specimens may be considered representative of the type of masonry tested here.
During the in-plane shear cyclic tests the specimens exhibited different overall behaviour, depending on the condition of the specimens (original/injected), the scale of the panel and the applied vertical load. Four different phases/limit states, which can be used to simplify and idealise the behaviour of the masonry panels, were observed. These limit states correspond to changes on how the specimens resist the progressive increment of the applied lateral displacement, Fig. 3 . Four points may be defined: (1) Flexural cracking (H f , d f ), defined by the horizontal cracking of the first mortar bed joint between the specimen Fig. 2 Setup for shear-compression tests (Silva et al. 2014b) Bull Earthquake Eng (2017) Figure 4 shows an example of hysteretic cycles of two specimens, while Fig. 5 shows the idealised envelope curves of the hysteretic behaviour and the four limit states described above. Table 2 lists the strength and ductility indicators of all specimens.
3 Numerical modelling
Numerical behaviour model
The panels were modelled using a continuum damage model based on the Continuum Damage Mechanics capable of reproducing the various degrading phenomena that occur under tension or compression. In particular, the adopted model incorporates two damage variables; one for tension (d ? ) and another for compression (d -) and a plastic deformation tensor for the characterization of the non-linear degradation mechanisms under tensile and compression conditions (Faria and Oliver 1993) and (Faria et al. 1998) .
The model reproduces the material tension/deformation curves, including hardening and softening effects and the mechanisms of stiffness recovery. The effect of damage on the material properties is reproduced in the stiffness constitutive tensor, by reducing several stiffness components. The damaged material may remain isotropic or become anisotropic.
The damage variables (d -and d ? ) can assume values between 0 and 1 (Eq. 1); 0 corresponds to the elastic state and it increases with damage until it reaches 1, which Fig. 3 Schematization of the four limit states corresponds to collapse. This evolution is characterized by the decrease of the effective resistant area, i.e., the area without defects.
Under the adopted constitutive model, these damage variables are associated with the material degradation produced under tension or compression, and are defined as explicit functions of scalar norms of the tensors r þ and r À , leading to the following constitutive law:
As explained by Faria (1994) , when applied to tensile or compression 1D tests, in which one of the components is always zero, the constitutive law presented in Eq. 2 is reduced to the scalar equations Eqs. 3 and 4, according to the type of test (tensile or compression) and to the curves presented in Uniaxial tensile test:
Uniaxial compressive test:
To define whether the element is ''loading'', ''unloading'' or ''reloading'', the model adopts the concept of equivalent stress s þ and s À (Eqs. 5, 6) associated to a positive scalar value, which is the result of the effective stresses tensors norm. The various three-dimensional states of stress can then be compared through a 1D analysis. Following the tensor decomposition, the equivalent tensile and compressive stresses are then associated to different damage criteria, (Eqs. 7, 8) .
where r À oct and s À oct are, respectively, the normal and tangential octahedral stresses extracted from the tensor r À , K a material property and D 0 represents the usual constitutive linear elastic 4th order matrix. Following the tensor decomposition, the equivalent tensile and compressive stresses are then associated to different damage criteria, (Eqs. 7, 8) .
where r ? and r -are damage thresholds, which can also be regarded as hardening variables that control the evolution of the damaged surfaces. The initial values of the damage thresholds r 
Behaviour in tension
The continuous damage model incorporates two different ways to represent behaviour in tension. This difference is related to the post-peak behaviour, which can is defined according to a (1) linear criteria or to an (2) exponential criteria. In the current work an exponential softening behaviour, with zero drop factor (D f þ 0 ), was adopted to represent the tensile post peak behaviour. Under these assumptions, the tensile damage variable evolution may be defined by the following equation:
The tensile behaviour curve is based on the distributed crack mechanical principles (Bažant et al. 1983; Bažant 1986) , being the descendant branch defined in function of the tensile fracture energy (Gf), included in parameter A ? of equation Eq. 9, which is dependent on the characteristic length (l * ) of the finite element, as described in Eq. 10
where (DA expresses the area and DV the volume associated to the integration point.
Behaviour in compression
The damage variable evolution under compression is defined as presented in Eq. 11. It implies the use of 2 additional parameters (A -and B -), which are defined by imposing the Faria and Oliver (1993) for further details.
When plastic strains are envisaged the evolution of the plastic strain tensor may be expressed as follows:
where the Heaviside function H _ d À À Á introduces a dependence of the plasticity kinematics with regards to the evolution of the damage variable in compression. This dependence allows cancelling the evolution of the plastic deformations during the unloading steps, or before reaching the compression damage threshold r 
Initially developed and implemented by Faria in a standalone program (Faria and Oliver 1993) , the model is also available in CAST3 M software (Pasquet 2003; Costa et al. 2005) and is defined by the parameters presented in Table 5 .
Calibration of the behaviour model
The calibration process consisted in fitting the behaviour model parameters to the experimental results of the uniaxial compression and shear-compression tests on three-leaf stone masonry panels (Silva 2012; Silva et al. 2014a, b, c) . The first calibration was performed at the material level, based on the results of the uniaxial compression tests, which enabled to represent masonry as an equivalent homogeneous continuum material. The calibrated numerical model was then used to simulate the shear-compression tests. At this point, a phenomenological recalibration of the homogenous behaviour model was required, in order to render it representative of the experimental results. The parameters required by the numerical model that were not obtained experimentally were taken from the bibliography.
Uniaxial compression tests
The calibration of the model based on the experimental compression behaviour was obtained by simulating a test on a 4-node finite element of unitary dimensions under monotonic and cyclic displacement laws. It was considered that the simulated specimen was composed of a homogeneous isotropic material.
The calibration was based on the results of the compression tests carried out on the 3LF and 3LS panels under injected and original conditions, (Silva 2012; Silva et al. 2014a ). The objective was to fit the numerical 1D stress-strain response to the uniaxial compression experimental results through series of uni-and multi-parametric analyses. A different set of properties was used for each of the four masonry typologies: 3LF NI , 3LF I , 3LS NI and 3LS I .
The majority of the parameters were taken from the experimental results. The Poisson ratios (m), the compressive peak stresses f À u À Á , the ultimate strains e À u À Á , the elastic modulus (E) and the elastic limit stresses f À 0 À Á were obtained from the stress-strain diagrams. The density (q) was obtained experimentally and was equal to 2200 kg/m 3 for the original panels and 2500 kg/m 3 for the injected ones. Extensive sensitivity analyses were carried out considering different combinations of the two fitting points, P1 (e . f À 0;1D a value of 1 was adopted.
The calibrated continuum damage model could reproduce fairly well the monotonic compression curves, in particular first cracking, maximum strength and deformation along the loading directions for both the monotonic and the cyclic tests. These parameters were further calibrated taking in consideration the cyclic compression tests. In this case, the loading and reloading behaviour had also to be simulated. As stone masonry is a very inhomogeneous material; it behaves with high plastic strains during the unloading and reloading cycles, which is controlled, in the model, by parameter b.
This behaviour could not be accurately reproduced using the experimental values. To do so, unrealistic values would have to be adopted for the parameters that directly influence b, namely the plastic parameters e pÀ and r pÀ , the elastic modulus E and the elastic limit stress f À 0 . By assuming only experimental values, it was chosen a reference point along the plastic branch of the curves so that the numerical unloading and reloading stiffnesses would be as close as possible to the experimental ones. Some results of model calibration based on the monotonic and cyclic uniaxial compression tests are shown in Fig. 7 , Table 3 lists the calibrated parameters for all the cyclic compression tests.
Shear-compression tests
The shear-compression tests results were simulated using the non-linear continuum damage model previously described. As starting point to the simulation of the structural analysis of the panels under shear compression, the properties adopted to define the compressive branch of the behaviour model were those calibrated for the cyclic uniaxial compression tests, see Table 3 . To define the tensile branch, it were chosen parameters that give a fragile low resistant behaviour to the stone masonry, see Table 4 . The tensile strength f þ t À Á of the various types of masonry was taken from the shear-compression tests results. The tensile fracture energy (G f ) was based on bibliographic research. According to Lourenço (1996) , tensile fracture energy ranges between 10 and 100 J/m 2 ; an average value of 50 J/m 2 was selected. The reinforced concrete top and basement beams were simulated with a strength significantly higher than that of the masonry, since they were designed not to exceed the elastic domain. Hence, their behaviour was defined as linear elastic and isotropic with E = 29 GPa, m = 0.25 and q = 2500 kg/m 3 . A plane stress state was assumed in all models and the actual experimental boundary conditions and loading schemes were implemented, see Fig. 8a . Eight-node elements with a Gauss integration scheme were considered. In the simulation of the shear-compression tests, the translational degrees of freedom (Ux, Uy) at the base of the model were constrained. The initial vertical pre-compression was applied to the nodes of the top surface of the reinforced concrete beam; the horizontal displacements were also applied on the beam, according to the real experimental procedure, Fig. 8b .
The values of the parameters obtained from the calibration based on the material compression tests were not satisfactory when directly applied to the simulation of the shear compression tests. This is due to the fact that the available continuum macro-models, like the one considered in the present research, still present some limitations concerning the calibration of the shear behaviour. In fact, the shear behaviour of macro-models cannot be calibrated explicitly and separately (like in micro-models) due to its implicit dependency on the model's tensile/compressive behaviour. As so, to properly simulate the material behaviour, further calibration of the model was done by means of a phenomenological fitting of the numerical curves to the experimental ones, through a series of mono-and multi-parametric analyses. However, in the case of the parameters directly related to the mechanical properties, the values were within those experimentally obtained (Silva 2012; Silva et al. 2014b) .
Material behaviour laws (in tension and compression), capable of reproducing the inplane behaviour under the various applied pre-compression levels, were defined for each type of tested panel, Fig. 9 . Table 5 lists the relevant parameters. Table 6 presents the percentage variation of the model parameters in relation to those calibrated for the cyclic compression tests. In particular, the results show that: (1) the elastic modulus (E) of the injected specimens decreased while that of the original ones increased and (2) the elastic limit compressive stress f wall types. Moreover, the compressive peak stress f À u À Á was adjusted in order to fit all the pre-compression levels applied to the various masonry panels. Apart from the injected panels in scale 1:1, in all the other panels the average compressive strength increased when compared to that obtained from the cyclic compressive tests.
The plastic parameters e pÀ ð Þ and r pÀ ð Þ were defined, as already mentioned, as a point on the plastic branch of the compressive behaviour curve that gives the highest energy dissipation capacity of masonry. The fitting point P 1 (e À 1 , r À 1 ) was defined in order to better adjust the cracking limit state. The fitting point P 2 (e À 2 , r À 2 ), used to simulate the shearcompression tests of all panels, was established to give higher deformation capacity to the material. This is also visible by the high percentage increase of the ultimate limit strain e À u À Á obtained in all cases. The need to increase the deformation and resistant capacity of the structural model, when compared with the values based on the material compression tests, is justified by the formation of highly damaged localized areas, which result from the combined action of compression and bending. In practice this re-calibration allowed the model to simulate the material behaviour when solicited in a different direction other than the vertical. Figure 10 compares the experimental and numerical behaviour of some of the tested specimens, in terms of envelope of the hysteresis loops, where H
? and H -refer to the envelope horizontal force when the walls are pushed on the positive (?) and negative direction (-), respectively. The other results can be found in Silva (2012) .
In general, a good fit was achieved between the numerical and experimental results, Fig. 10 and Table 7 . The calibrated model could simulate well the initial elastic stiffness and the maximum horizontal loads (H max ). The ratio between predicted and experimental load capacity (H max,n /H max,e , see Table 7) is approximately 1 for all tested panel types. The model showed some limitations in capturing the displacement at maximum load (d Hmax ) and the ultimate displacement (d u ) of the injected specimens tested under the lowest precompression levels (1.0 and 1.25 MPa). This can be attributed to the experimental behaviour, which was governed by rocking (e.g., see panel SCF 1.0I in Fig. 10b) . However, the d Hmax,n /d Hmax,e and d u,n /d u,e ratios of the other injected specimens and all the original ones are approximately 1. The model also did not simulate accurately the unload stiffness and the energy dissipation. This is mainly due to the fact that this damage model does not capture effects like joint friction related to the panels local behaviour.
The adopted macro-modelling strategy was fairly able to reproduce the damage propagation and in-plane failure mechanisms of the panels. Crack patterns were consistent with Fig. 9 Material behaviour laws: a compression; b tension those experimentally observed, as can be seen by comparing Figs. 11 and 12a . However, this type of model cannot simulate the buckling of the external leaves, which is particularly relevant in the original panels (e.g., see panel SC3LF 1.25NI , Fig. 12b ).
Parametric analyses
On the basis of the defined material behaviour laws (Table 5 ), a parametric study was performed. This study allowed assessing the influence of vertical pre-compression level and specimen slenderness on different performance parameters, such as the maximum Compressive peak stress (N/mm 2 ) -2.6 -6.5 -3.5 -6.6
Ultimate limit strain (-) -0. 10, 20, 30, 40, 50, 60, 70 , 80 and 90 % of the maximum compressive strength. The parametric analyses were carried out on panels of six slenderness ratios (sl = h/l): 0.5, 0.75, 1.0, 1.2, 1.5 and 2.0 in the case of walls in scale 1:1 and 0.5, 0.8, 1.0, 1.25, 1.55 and 2.0 in the case of the scale 2:3.
These parametrical analyses allowed the creation of useful correlations, which allow defining/extrapolating performance parameters for this type of masonry, considering different in situ conditions and without having to resort to further experimental tests. Figure 13 presents the variation of the nominal average shear stress at maximum resistance (horizontal load divided by the horizontal cross sectional area) for the various pre-compression levels and slenderness, for each type of panel. The various curves in each diagram represent a specific slenderness; the hollow squares represent the experimental results. The numerical analyses allowed identifying the dominant failure modes. This becomes evident by overlapping the numerical results to the domains associated to shear, compression and flexural failure mechanisms. The failure fields were defined on the basis of the analytical expressions presented in Eqs. 14-16: where r 0 0 is the average compression stress due to the vertical load and b is the shear distribution factor that can be defined as follows:
Maximum resistance
where h and l are height and length of the masonry wall, as proposed in Benedetti and Tomaževic (1984) and as also found in recent codes (NTC 2008); s Hmax is the nominal average shear stress at maximum resistance, as proposed in Bernardini et al. (1982) , were f t is the average values of the tensile strength presented in Table 4 and obtained from the experimental work. These equations, such as the shear strength formulation proposed by Turnšek and Cacovic (1971) , then refined by Turnšek and Sheppard (1980) , were normally applied for the strength prediction of brick masonry and were also calibrated for stone masonry.
In general, a good agreement was found between the experimental data and both numerical and analytical formulations. The full scale original specimens only presented some scattered experimental values, whereas a very good response was obtained in the case of the injected panels for both scales and slenderness higher than 1, Fig. 14 . Indeed, both the analytical formulations and the behaviour model used for the numerical simulations consider a homogeneous isotropic material, which explains the general good agreement between the two approaches. The comparisons between numerical parametric analysis and analytical formulations for all the various analysed types of panel can be found in Silva (2012) . It was also observed that, when the lower limitation for the definition of the shear distribution factor (b) in function of the slenderness (Eq. 5) is not considered, a very good agreement is found between the numerical and analytical approaches also for slenderness values lower than 1. Further experimental tests on panels with slenderness lower than 1 are necessary in order to properly define the limitations of both numerical and analytical approaches.
In general, for the various pre-compression and slenderness levels, the injection procedure increases the panel strength compared to the original panels (approximately 250 % for the scale 1:1 and 210 % for the scale 2:3); the value of H max depends on the applied pre-compression level, slenderness and failure mode as in Fig. 13 . Figure 15 shows the variation of drift at ultimate state (w du ), and of drift at maximum resistance (w Hmax ), for the various pre-compression levels and slenderness, for the 1:1 scale panels. In both injected and original specimens, w du decreases (about 20 % for the injected and 25 % for the original walls) with the increase of pre-compression level, for all the considered slenderness ratios. The highest percentage decrease happens for low levels of precompression (from 10 to 20 %.r max and from 20 to 30 %.r max ), while for the same intervals there is an increase of w Hmax , followed by a subsequent decrease.
Displacement capacity
In general, for the various pre-compression and slenderness levels, the panels in scale 1:1 have w du and w Hmax approximately 110 % higher than those of the original panels, while for the panels in scale 2:3 this average increase is of about 150 %.
The behaviour in terms of drift at ultimate limit state and maximum load depends on the failure mode, which in turn depends on the wall slenderness, the applied precompression and material strength. The variation of failure mode can be observed from the H max vs. w du curves of Fig. 16 , as well as from the H max vs. w Hmax curves of Fig. 17 . The dots in these diagrams represent the performance of each numerically analysed panel in terms of the above mentioned strength and displacement values, for pre-compression levels ranging from 10 % (point on the right of each curve) to 90 % (point on the left of each curve) of r max . Each curve corresponds to a different slenderness. These curves give an idea of the type of failure and the maximum load and displacement capacity that the original and injected walls may present, for a wide range of slenderness and pre-compression loads. However, when analysing the parametric results, the error between the experimental and numerical results presented in Table 7 , particularly for what concerns the displacement capacity, must be taken into account.
Panels with low slenderness (sl = 0.5) present a more fragile behaviour, characterized by small displacements at ultimate state because of shear failure. However, for low slenderness, when high pre-compression levels are applied, failure occurs due to crushing.
For all analysed types of masonry, the behaviour becomes more ductile (high displacements at ultimate state) for higher slenderness. Panels with high slenderness (sl = 2.0) tend to have flexural failure. However, for high pre-compression values, crushing prevails, and for low pre-compression values, particularly in injected panels, rocking prevails.
Figures 16 and 17 also show the variation of the dominant failure modes when changing the pre-compression load, which occurs, within the same slenderness, when the curves bend sharply (at about 30-50 % of r max ). Before reaching these transition points, failure can be influenced by a mixed flexural/shear behaviour, as illustrated in Figs. 11 and 18a , or a mixed shear/crushing behaviour, as illustrated in Fig. 18b . 
Conclusions
A material behaviour model (Faria and Oliver 1993) was calibrated through a phenomenological approach on the basis of uniaxial and shear-compression test results on three-leaf stone masonry panels in scale 1:1 and 2:3, either in original or injected conditions (Silva 2012; Silva et al. 2014a, b) . The calibrated model was used to carry out a parametric study of panels under shear-compression loads considering various levels of vertical loads and slenderness, and strengthening conditions. The main conclusions are as follows:
• The calibrated continuum damage behaviour model is fairly able to represent the material compression curves, in particular first cracking, maximum load and deformability along the loading direction. However, the model could not represent properly the cyclic unloading and reloading stiffness and, consequently, the energy dissipation in compression.
• In the simulation of the panel's structural behaviour under shear-compression tests, the behaviour model allowed a good fit to the experimental results in terms of initial elastic stiffness and maximum horizontal loads for all specimens. In terms of displacement capacity, the model could not capture the displacement at maximum load and the ultimate displacement of the injected specimens tested under the lowest precompression levels.
• The applied modelling strategy allowed reproducing the sequence of failure mechanisms and crack patterns experimentally observed on the shear-compression tests. However, this type of model cannot simulate buckling of the external leaves, which was significant, in particular, on the original panels.
• A parametric study was performed considering the calibrated material laws. The study allowed relating the panel type of failure and performance parameters (maximum strength and displacement capacity) under combined shear and compression to the precompression loads, slenderness and strength of the material.
• The correlations established through the parametrical study allow predicting the performance parameters for this type of masonry considering different in situ conditions, without having to resort to further experimental tests.
• Future studies should be performed on the applicability of this macro scale model and calibrated properties on large scales structures. Furthermore, given the importance of the influence of the evolving micro-structure on the macroscopic properties, especially (a) (b) when strain localizations occur in the microstructure leading to complex dissipation mechanisms at the structural level, a comparison with the results from simulations using different models, such as those presented in the literature, should be made.
